Abstract. Specific molecular electronic properties of 30 N,N-diethyl-m-toluamide (DEET) analogs demonstrate functional dependence with their reported duration of protection against mosquito bites, thus providing predictors of insect repellent efficacy. No single electronic property is sufficient to predict repellent efficacy as measured by protection time, rather a set of specific electronic properties is required. Thus, the values of the van der Waals surface electrostatic potential by the amide nitrogen and oxygen atoms, the atomic charge at the amide nitrogen atom, and the dipole moment must all be in optimal ranges for potent repellency. The electronic properties were calculated using the AM1 semi-empirical quantum chemical method using commercial software. These easily calculable predictors of repellent efficacy should be useful in predicting the relative efficacy of newly designed compounds, thus guiding the selection of new repellents for testing.
Arthropod-borne diseases are many, but vaccines, both effective and economical, are few. Inexpensive and practical, insect repellents become a viable and attractive alternative. 1 Since the mid 1950s, N,N-diethyl-m-toluamide (DEET, Table  1 , compound 2a) has been regarded as the standard mosquito repellent. 2, 3 However, as a repellent for human use, DEET is not equally effective against all insect and arthropod vectors of disease. 4 It is short in duration of action and has disagreeable cosmetic effects. 1, 4 Aside from its unpleasant odor, DEET can penetrate the skin. 1, 5 It can cause drug-drug interactions and potential toxicity such as adverse reactions in children and adults when used in concentrations exceeding label recommendations. 1 In addition, DEET is a plasticizer that reacts with certain plastics and synthetic rubber. 1, 4, 6 Thus, a more effective mosquito repellent is needed that is nontoxic and does not react with protective clothing.
A number of studies have found that compounds containing specific functional groups are more effective repellents as measured by duration of protection. In 1953, after studying the testing results of Morton and others 7 on 4,000 chemicals, Roadhouse 8 concluded that oximes are the most effective compounds and hydrocarbons make the least effective repellents. The data indicated that an oxygen function is very important for repellency and a phenyl group probably enhances repellency. 8 Examination of the test data contained in the U. S. Department of Agriculture (USDA) handbooks by Skinner and others 4 confirmed most of the findings of Roadhouse. Gouck and others 9 found that adding only one carbon atom between the cyclohexane ring and amide in cyclohexane aliphatic amides increased the repellency of the compound, whereas adding two or three carbon atoms resulted in a decrease in repellency. In 1968, having evaluated 4,308 compounds from the same USDA data bank, Garson and Winnike 10 found amides and imides to be more effective repellents than phenols and alcohols.
Other studies have focused on physical properties such as volatility, melting point, molecular weight, and polarizability. It has been well recognized that repellents must be volatile since repellents affect the olfactory chemosensilla of the mosquito. [11] [12] [13] Duration/protection time decreases if repellents are either too volatile or too nonvolatile. 10, 14, 15 If the vapor concentration of the repellent decreases below the minimum repellent concentration, a rapid loss of repellency will result. On the other hand, if a compound is not volatile, it will never come into contact with the olfactory end organ.
The study of the relationship between volatility and repellency has been logically extended to melting and boiling points. Christophers 16 demonstrated that compounds that melt much above 37ЊC generally have little insect repellency. Coumarin, with a melting point of 68-70ЊC, is an exception. Bunker and Hirschfelder 17 noted that all of the 20 best repellents had a boiling point greater than 150ЊC. Piper and others 18 found that the preferred boiling point range was 230-260ЊC for repellents. For a series of N,N-diethylbenzamides, Johnson and others 12 found that the optimum boiling point for repellency was 120ЊC at 0.5 mm of Hg. However, a boiling point in the proper range does not guarantee repellency. 12, 19 An optimal molecular weight range of 146 to 257 for repellent potency was found by Rayner and others, 13 Sugawara and others, 20 and Alexander and others. 21 Molecules that are bulky and have substituents attached to the main chain are likely to be good repellents. 20, 21 Although Johnson and others 12 could not find a correlation between repellent effectiveness and Hammett substituent constants or molecular polarizability in a series of DEET analogs, McIver 22 suggested that lipophilicity determined by reverse-phase high-performance liquid chromatography is important to the degree of repellency.
Since physical-chemical properties of repellents play a significant role toward repellent effectiveness, we have assessed the role of molecular electronic properties towards repellent protection time using a series of DEET analogs reported by Suryananarayana and others. 23 Using quantum chemical methods, lowest energy conformations and molecular electronic properties were calculated for 31 amides divided into five different types (Table 1) : Type 1, N,N-dimethylamide; Type 2, N,N-diethylamide; Type 3, N,N-diisopropylamide; Type 4, N-ethylamides; and Type 5, piperidineamides. The calculated structural and electronic properties were investigated to determine any functional dependence with protection time as measured by Suryananarayana and others 23 to provide predictive discriminators of insect repellency and provide a better understanding the structure and repellency properties of these compounds. Although the study specifically addresses repellent efficacy, the technique of linking specific molecular electronic properties to biological activity to provide predictors of biological activity is generally applicable to both efficacy and toxicity studies.
MATERIALS AND METHODS
Computation of geometric and electronic properties. All computational calculations were conducted using Spartan version 4.0 (Wavefunction, Inc., Irvine, CA) running on a Silicon Graphics Indigo Extreme R4000 workstation. Geometry optimization and electronic property calculations were performed using the Austin Model 1 (AM1) semi-empirical quantum chemical method as implemented in Spartan. First, a conformational search calculation together with a population density calculation was performed for each of the molecules. Conformation search by the double rotation (30Њ mesh) of the dihedral angles C 2 -C 1 -C 7 -N and C 1 -C 7 -N-R 1 (H or C) generated 144 conformations of each compound from which the lowest energy conformer with a population density greater than 75% was identified. Then the electronic properties such a molecular electrostatic potentials (MEPs), dipole moments, and individual atomic charges were calculated on the AM1-optimized geometry of the most populated conformation. The MEP represents the energy of interaction of a unit positive charge with the electronic charge distribution generated by the nuclei and electrons of a molecule. The electrostatic potentials were sampled over the entire accessible surface of the molecule (corresponding roughly to a van der Waals contact surface) and plotted onto a surface of constant electron density (0.002 e/au 3 ). Additionally, MEP isoenergy contours extending beyond the van der Waals surface at Ϫ10 kcal/mol were generated.
Evaluation of the functional dependence of individual stereoelectronic properties was performed using S-Plus4 (MathSoft, Inc., Seattle, WA). A matrix of graphs with protection time versus specific electronic property and electronic property versus electronic property (see list of properties in Table 2 ) were first created using a subset of the four most and five least potent compounds to identify potential functional relationships. Only protection time versus electronic property graphs in which the electronic property had distinctly different numerical values for the most and least potent compounds or electronic property versus electronic property graphs in which the most and least potent compounds formed distinct clusters were selected for further examination. Examination of these graphs using all of the compounds resulted in identification of a set of electronic properties linked to repellent potency.
Biologic testing. Biologic testing was performed and reported by Suryananarayana and others. 23 Briefly, protection time (PT) was determined by applying test compound at a dose of 1 mg/cm 2 onto the external surface of a human fist followed by exposure to 200 females (5-7 days old) of the day-biter mosquito Aedes aegypti for 5 min every 30 min. The PT is defined as the period of protection offered at given doses until two consecutive bites are obtained at a 30-min interval. 24 The reported protection times represent the average of multiple determinations.
RESULTS

Conformation.
All compounds shared a similar backbone conformation with the dihedral angle C 1 -C 7 -N-C R2 equal to 180Њ Ϯ 8.1Њ.
Negative potentials by the amide group. The MEP is a representation of the charge distribution at the van der Waals surface (Figure 1, second column) . Figure 1 shows the location of the most negative potential (colored deepest red) by the carbonyl oxygen atom, indicating that this atom is intrinsically the most nucleophilic site in the molecule, ranging from Ϫ77.3 to Ϫ72.6 kcal/mol (Table 2) . A negative potential region less negative than by the carbonyl oxygen atom also occurs by the amide nitrogen atom in the range of Ϫ38.6 to Ϫ16.1 kcal/mol. These negative potential regions indicate the likely sites for binding to the electronpoor regions of receptor molecules.
Most positive potential. Regions of positive potentials at the van der Waals surface indicate the electrophilic or acidic sites. The site for the most positive potential is regarded as intrinsically the most electrophilic or acidic site in the molecule. Although the location of the most positive potential is by different hydrogen atoms on different molecules, the magnitude of the most positive potential appears to be related to protection time. All compounds that protect for at least 2.8 hr have a maximum positive potential in the range of 16.2-21.1 kcal/mol, whereas all compounds with a most positive potential higher than 21.1 kcal/mol protected for no more than 1 hr (Table 2) . Thus, the intrinsic electrophilicity of these compounds appears to have a role toward repellency.
Isopotential contour at Ϫ10 kcal/mol. Three-dimensional electrostatic isopotential maps at Ϫ10 kcal/mol (Figure 1 , third column) are the electrostatic features beyond the van der Waals surface of the molecules that are considered to be key features through which a molecule recognizes its receptor at longer distances and accordingly promotes interaction between complimentary sites with the receptor. 25 Figure 1 shows that all repellents have a large extended negative potential region extending out from the carbonyl group. Although this potential characterizes the primary level of recognition interaction with the receptor, there is no apparent relationship with the size or shape of these surfaces to protection time.
Dipole moment. The dipole moment indicates the intrinsic polarity of a molecule. Its magnitude is a good indicator of intrinsic lipophilicity or hydrophobicity; the larger the magnitude, the more likely the compound is hydrophilic. The magnitude of the dipole moment for the most active repellents (PT Ͼ 3.5 hr, Table 2 ) ranges between 3.25 and 3.82 Debye, an indication that an optimal lipophilicity or hydrophobicity for this class of compounds is necessary for the molecule to be an active repellent. All compounds with a dipole moment outside of this range protected for less than 3 hr. Since some of the poor repellents have a dipole moment in the optimal range, the dipole moment by itself does not serve as a predictor of protection time. The orientation of the dipole moment is not linked to protection time as the dipole moment points toward the carbonyl oxygen atom for all compounds.
Atomic charges. These values indicate the intrinsic re-FIGURE 1. Optimized geometry (first column), color-coded molecular electrostatic potential plotted onto surface of constant electron (0.002 e/au 3 ) (second column), and Ϫ10 kcal/mol isopotential surface (third column) of compounds 2a (top row, protection time [PT] ϭ 5 hr), 5c (middle row, PT ϭ 1.4 hr), and 4f (bottom row, PT ϭ 0.08 hr). Atoms are colored black for carbon, red for oxygen, blue for nitrogen, and gray for hydrogen. The deepest blue surface is the most positive, and the deepest red surface is the most negative.
active character of the individual atoms constituting the molecule. The magnitude of negative charge on an atom will characterize the nucleophilic nature of the atom whereas the magnitude of positive charge will correspondingly characterize the electrophilic nature of the atom. A low atomic charge of the amide nitrogen atom is associated with low protection times such that all compounds with a charge more negative than Ϫ0.51 e protected no longer than 3 hr (Table  2) . Protection time was even poorer, less than 1 hr, when the amide nitrogen atom has an electrostatic charge more negative value than Ϫ0.60 e. Thus, the intrinsic nucleophilic character of the nitrogen atom seems to have a significant role toward repellency. In general, as the electrostatic charge of the nitrogen atom becomes more negative, the electrostatic charge of the carbonyl carbon atom becomes more positive (Table 2) . DISCUSSION An examination of the electronic properties of the amides that protect for at least 4 hr results in the following profile: a maximum positive potential in the range of 16.2 to 21.1 kcal/mol, a maximum negative potential of Ϫ75.0 to Ϫ73.1 kcal/mol, a negative potential by the amide nitrogen atom of Ϫ25.1 to Ϫ22.8 kcal/mol, a dipole moment of 3.25 to 3.82 Debye, and atomic charges at the carbonyl oxygen atom, the carbonyl carbon atom, and the amide nitrogen atom of Ϫ0.55 to Ϫ0.50 e, 0.50 to 0.68 e, and Ϫ0.51 to Ϫ0.30 e, respectively. All of the other compounds have at least one of these values outside of these ranges. Since no single electronic property guarantees highly efficacious repellency, the results demonstrate that to be highly efficacious, i.e., protect for at least 4 hr, a compound must have all of the listed electronic properties in the numerical ranges listed above.
Two of the above listed electronic properties, the electrostatic potential by the amide nitrogen atom and the atomic charge of the amide nitrogen atom, exclude all but compounds 1b (3 hr protection time) and 1d (2.83 hr protection time) from the most efficacious group or 25 of the 27 less efficacious compounds, thus showing the importance of the nucleophilicity of the amide nitrogen atom (Figure 2 ). Al- though the values of the amide nitrogen atom for compounds 1b and 1d fall within the numerical ranges for high efficacy, their dipole moment (compound 1d) or their electrostatic potential by the amide oxygen atom (compound 1b) fall outside these optimal ranges. Thus, this group of electronic properties serves as discriminators of efficacy of repellency.
Interestingly, when the values of the calculated electronic properties are outside of the numerical ranges of the most potent compounds, they are usually too low for the maximum negative potential that is located by the amide oxygen atom, too low for the atomic charge of the amide oxygen atom, too high for the atomic charge of the carbonyl carbon atom, and too low for the atomic charge of the amide nitrogen atom.
The test data of Suryananarayana and others 23 show that DEET analogs with a secondary amine exhibit only short protection times. This was reflected in high maximum positive electrostatic potentials on the surface of the molecule and a highly negative atomic charge at the nitrogen atom.
The biologic data used in this study were limited to the yellow fever mosquito Ae. aegypti; therefore, the results may be valid for only this arthropod. The rank order of effectiveness of DEET versus other repellent compounds has been shown to be similar for Ae. aegypti and the malaria parasite Anopheles stephensi. [26] [27] [28] [29] The electronic properties of the amide group (N-CϭO atoms) seem to be the key in determining the duration of protection against mosquito bites. The substituents attached to the carbon and nitrogen atoms of the amide group together influence the electronic properties of the amide group. Thus, a balance of polarity between the two parts of the molecule is an important contributing factor for potent repellent activity. Our investigation shows that the numerical values of the electronic properties of the amide group fall into discrete ranges for a lengthy duration of protection. These optimal values are now being used as a guide for the synthesis and testing of new potential insect repellents.
